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Introduction
The increasing usage of small-sized portable electronic devices
in recent decades has led to a strong demand for miniaturized
power sources. Moreover, such devices require batteries to be
adapted to product sizes and form factors that make their re-
cycling even more challenging, since it is much harder to sepa-
rate the battery from the device, thus aggravating the environ-
mental impact associated to the generation of waste electrical
and electronic equipment (WEEE). WEEE is rapidly becoming
the largest waste stream worldwide.[1, 2] According to a report
from the World Economic Forum, the material value of our
spent electronic devices globally amounts to $62.5 billion,
which is three times more than the annual output of the
world’s silver mines.[3] Indeed, WEEE can be a source of highly
valuable materials but still it will require energy and resources
to manage, collect, process, and repurpose. WEEE should be
properly managed but nowadays is sent away to places in the
world where it can cause environmental and health prob-
lems.[4] The problem is even more critical when this waste is
not even collected properly and ends up in landfills where, in
many cases, it is incinerated. One of the most hazardous com-
ponents in e-waste is batteries, as they need special and dedi-
cated recycling processes.[5] To date, the portable energy
demand has been mostly fulfilled with inexpensive primary al-
kaline and button cell batteries. Unfortunately, these power
sources are disposed of after use, sometimes even before
being completely depleted, causing significant energy waste
and environmental damage if not properly collected and recy-
cled.[6–9] This is reflected in the percentage of primary batteries
that are collected for recycling in Europe: in 2017, approxi-
mately 226000 tons of portable batteries and accumulators
were sold in the EU-28, whereas only about 100000 tons of
waste portable batteries and accumulators were collected for
recycling, representing approximately 45%.[10] For this reason,
other alternatives for sustainable energy storage are being de-
veloped, such as redox flow batteries, fuel cells, and, more re-
cently, microfluidic fuel cells.[11–13] These devices rely on the use
of liquid fuels that are either oxidized or reduced at the device
electrodes. Very often, these power sources make use of
oxygen reduction as cathodic species, which allows them to
become lighter and more efficient.
Concerning fuel choices, many chemistries have been tested
with promising results; for example, methanol, ethanol, hydro-
gen or formic acid have been widely explored, owing to their
promising theoretical specific energies. However, although
these fuels are seen as benign, their operation often requires
precious metals (e.g. , Pt, Pd, Ru) as catalysts, which excludes
them as primary battery replacements. In this sense, new ap-
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proaches have been reported, in which catalyst-free redox
chemistries, such as all-vanadium, zinc/bromide, or polysulfide/
bromide, are used as fuel in fluidic systems that only require
inexpensive carbon material electrodes to collect the cur-
rent.[14] However, these inorganic compounds involve toxic and
environmentally nonfriendly elements. For this reason, organic
active species have arisen as a more sustainable alternative. In
particular, quinones are organic compounds that have been re-
cently identified as suitable candidates because they are sus-
tainable, benign, abundant, and inexpensive.[15,16] The devel-
oped quinone-based redox batteries have already demonstrat-
ed their viability for large-scale energy storage applica-
tions.[17–19] Portable approaches for these organic redox flow
batteries were reported by Yang et al. in 2014 and Ibrahim
et al. in 2017, both of which used water-based solutions of an
anthraquinone as the negative electrode and benzoquinone as
the positive one, yielding power densities of around
4 mWcm@2 with 0.6 V open circuit potential.[20,21] Despite good
performance, the vast majority of flow cells require external
pumps to maintain the flow of reactants. This fact increases
the device complexity and reduces its integration capacity and
overall energy efficiency.[22,23] A smart way of overcoming this
drawback has been assessed for micro-scale fuel cells with ca-
pillary-based microfluidics, which rely on paper and other
porous matrices for fluid transport and thus eliminate the
need for external pumps.[24–28] Paper-based microfluidic fuel
cells have already demonstrated their feasibility with well-
known fuels, such as methanol, ethanol, hydrogen, or formic
acid.[29–33] However, as mentioned above, the need for noble
metal catalysts prevents their usability as primary power sour-
ces. Other paper-based approaches have used glucose as fuel,
which can be scavenged with enzymatic catalysts.[34–36] Never-
theless, their implementation in real environments is still chal-
lenging, as biocatalysts have restricted stability, lack reproduci-
bility, and yield very low power outputs. A first validation of a
redox battery using quinone species in a paper matrix was re-
ported in 2017 by Esquivel et al. ,[37] who showed portable
power generation and a biotic degradation of the whole
device. The reported approach can potentially eliminate end-
of-life concerns posed by current primary battery technologies,
as the devices are conceived to be discarded after use without
the need for any specific recycling facilities because of their
all-organic nature, causing no harm to the environment where
they are disposed of. The prototype, although promising, yield-
ed faradaic efficiencies below 3%, owing to its diffusion-driven
operation.
The work presented herein proposes the use of sustainable
benign organic chemistries to generate energy in a portable
paper-based flow battery. This organic redox battery relies on
capillary forces to flow the reactants. Its versatile design allows
almost complete fuel utilization with a high cell capacity. In
this way, the fuel volume and weight can be highly optimized,
which is a critical requirement for any feasible application of a
power source for portable devices.
Results and Discussion
Device design and operation principle
The device presented herein is a compact and lightweight
paper-based primary battery inspired in the working operation
of a redox flow cell. Figure 1 shows a picture of a ready-to-use
prototype. The device main structure consists of two parallel
paper strips connected to a circular paper pad. The prototype
is designed to start operating by immersing one of its ends in
a reservoir that contains two small chambers with different sol-
utions of electroactive species. The paper strip ends absorb
the fluids contained in the chambers establishing a convective
flow of reactants by capillary force. A carbon electrode placed
on each of the paper channels allows the redox species to
react (i.e. , oxidize and reduce) and thus enable energy genera-
tion. A small segment of paper connects both channels, acting
as a salt bridge between the electrodes. The device keeps
functioning until the round pad at the end is completely filled
up. Depending on the size, material, and design of the absorb-
ent pad, the operating time of the battery can expand from a
few minutes to half an hour. Moreover, the battery can easily
be recharged by replacing the wet absorbent pad with a dry
component and refilling the fuel reservoir with additional elec-
troactive species. The capillary-based paper battery has been
designed as a hand-sized device. A 20V5 mm piece of paper,
forming a U shape, provides the inlet channels to the solutions
and at the same time, constitutes the battery salt bridge. Two
outlet channels of 55V5 mm connected with the electrode
region drive out the reaction products up to two stacked circu-
lar paper absorbent pads (10 and 50 mm diameter). The ab-
sorbent pad 3608 shape is based on a quasi-steady flow strat-
egy reported by Adkins et al. , where a 2708 fan-shaped ab-
sorbent was used to create a steady capillary flow for the first
time.[38] The paper assembly is fed with quinone redox species
solutions already dissolved in a 25V15V5 mm poly(methyl
methacrylate) reservoir.
Figure 1. Paper-based capillary flow redox primary battery. Scale bar=1 cm.




As in membrane-less microfluidic co-laminar flow cells, this
capillary flow cell facilitates operation under mixed-media con-
ditions, in which an alkaline negative electrode and an acidic
positive electrode are employed. This feature enables higher
electrochemical cell voltages during discharge operation and
the utilization of a wider range of available species and elec-
trolytes.[21] Additionally, mixed-media operation provides the
advantage of a neutral or near neutral pH as the acidic and al-
kaline neutralize at the absorbent pad, which allows a safe dis-
posal after operation. Therefore, the flow battery was charac-
terized with a solution of 0.1m para-benzoquinone (p-BQ) in
0.5m oxalic acid as catholyte and a solution of 0.1m hydroqui-
none sulfonic acid potassium salt (H2BQS) in 1m KOH as ano-
lyte (see the Supporting Information, Figure S1). Quinone spe-
cies concentrations were set to reach the p-BQ solubility limit
in water.
The battery performance was tested by using an initial pro-
totype configuration, where the carbon electrodes (5 mm
length and 10 mm wide) were placed on the paper channels
surface, providing the battery with a 0.25 cm2 active area (Fig-
ure 2a and Figure S2). Once the performance of the initial bat-
tery design was validated, modifications of different design pa-
rameters of the cell were performed with the aim of improving
the generated power output and redox species harnessing
(i.e. , faradaic efficiency). The design modifications and their
effect on the battery output are presented in the following
sections.
Battery power output optimization
The initial design of battery prototype with 2D carbon electro-
des was tested by immersing its inlet pads into the quinone
solutions of the fuel reservoirs. A stable value of 0.75:0.05 V
was obtained, showing good correlation with the OCV values
reported in prior studies of quinone chemistry.[21,37] Figure 2c
shows the polarization and power density curves obtained
during battery operation. The maximum power density was re-
corded to be 0.02 mW. After that, the device was connected to
a 1.6 kW load to characterize the battery’s continuous opera-
tion. Figure S3 shows the voltage and current output. A quasi-
stable power output value was achieved for approximately
6 minutes (Figure 2d). After this time, the absorbent pad was
completely filled up and the capillary flow regime stopped.
Consequently, the battery power output diminishes significant-
ly due to the lack of convective flow. To enhance the battery
power output, the available electroactive area of the carbon
electrodes was increased by applying a thermal treatment that
improved their hydrophilicity. The electrode’s hydrophilicity
allows the liquid to flow through the porous carbon micro-
structure, turning a 2D electroactive area (flow-over electrode)
into a 3D one (flow-through electrode) while keeping the
overall device dimensions (Figure 2b). The battery electro-
chemical performance of the 3D electrode configurations is
shown in Figures 2c. The performance when subjected to a
fixed ohmic load of 230 W is shown in Figure 2d and Figure S3.
Allowing the reactant species to flow through the 3D
electrodes leads to a 20-fold improvement in the
power peak delivered by the cell, that is, from a max-
imum value of 0.02 mW to 0.48 mW. The battery
power output stability in time demonstrates that, de-
spite using hydrophilic flow-through porous carbon
electrodes, capillary flow established in the paper
structure is kept steady without the need of external
pumps. Thus the capillary pressure is not being al-
tered by this modification and the battery power
output is still stable.
The results obtained from the characterization of
the battery under continuous operation until the sat-
uration of the absorbent pad allow assessing its effi-
ciency at both electrode configurations.[39] The fara-
daic efficiency (hF) allows evaluation of the electroac-
tive species utilization, quantifying the theoretical
charge capacity that is actually being converted into
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where t is the measurement time, I(t) is the current
extracted from the measured voltage divided by the
resistance of the fixed load, n is the number of elec-
trons per mole, F is the Faraday constant, c0 is the ini-
tial species concentration, and V is the volume of di-
luted redox species. Moreover, the energy efficiency
(hE) of the capillary flow cell can be evaluated by
Figure 2. a) Flow-over electrode configuration. b) Flow-through electrode configuration.
c) Polarization curves of the capillary flow battery designs with flow-over and flow-
through electrode configurations. d) Discharge curves of the capillary paper-based bat-
tery when subjected to fixed external loads that correspond to the operating point of
maximum power in flow-through (230 W) and flow-over (1600 W) configurations. Data
points and lines represent mean values for n=3.




comparing the power delivered by the device under continu-
ous operation to the energy that the battery cell could deliver
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where E(t) is the operating voltage and E is the theoretical
Nernst voltage of the cell. The faradaic and energy efficiencies
obtained from the continuous operation curves of the 2D and
3D battery cells show that the 3D configuration allows a sig-
nificant improvement in the species conversion when com-
pared to the 2D, as the faradaic efficiency increases from 2.3%
to 21%. Likewise, the improvement of both power output and
species harnessing translates into a higher energy efficiency of
the battery with 3D electrode configuration as it increases
from 0.7% to 6.8%.
Capillary flow rate modification and influence on fuel
utilization
One way of increasing the percentage utilization of redox spe-
cies is to increase their residence time at the electrodes. As re-
actants are pumped by capillary force, the liquid flow rate was
modified by changing the overall fluidic resistance of the bat-
tery paper structure. In particular, lower flow velocities were
achieved by increasing the output channel length (LC) from
20 mm to 40 mm and 60 mm (see below, Figure 4a). The gen-
erated capillary flow rates were characterized by measuring
the evolution of the liquid front in the absorbent pad. Fig-
ure 3a shows the total wetted area of the absorbent pad at
different times or the three different channel lengths. The
linear relationship between the absorbed liquid volume in the
circular pad with time allows the flow rate of reactants to be
derived. Knowing the absorbent volumetric capacity, C, of the
paper pad (7 mLmm@2), the flow rate Q (mLcm@2) can be calcu-




where DA is the cross-sectional vector area increment (cm2)
and Dt is the time increment. Figure 3b shows the obtained
flow rate values; as expected, the magnitude of the flow rate
decreases on increasing the output channel length. Moreover,
as the total capacity of the absorbent pad is fixed, the operat-
ing time of the device in inversely proportional to the estab-
lished flow rate. As a result, the operational time of the battery
expanded up to 25 minutes when the flow rate was dimin-
ished to 4.8 mLmin@1.
The electrochemical performance of the flow-through cell
was tested under different flow rates. Again, in all cases the
devices reached a stable OCV value of 0.75:0.05 V. Figure 4b
shows the maximum power values recorded at the I–V curves
for each flow rate, yielding 0.48:0.01 mW at 15 mLmin@1,
0.47:0.02 mW at 9 mLmin@1 and 0.44:0.01 mW at
4.8 mLmin@1. Then, the batteries were operated under a fixed
external ohmic load and their discharge curve was recorded.
The mean power delivered by each cell is also shown in Fig-
ure 4b. The values of the energy and faradaic efficiencies ob-
tained from the discharge curves are shown in Figure 4c.
Figure 3. a) Liquid-covered absorbent pad area evolution over time. b) Re-
sulting capillary flow rates for different output channel lengths (LC). Data
points represent mean values for n=3.
Figure 4. a) Maximum and mean powers of capillary flow battery at different
reactant flow rates. b) Maximum and mean power and c) faradaic and
energy efficiencies for each capillary flow battery tested channel length.
Data points represent mean values for n=3.




Lower flow rates yield better faradaic efficiencies, achieving a
maximum of 48% of fuel conversion at 4.8 mLmin@1. However,
there is a trade-off between generated power and faradaic effi-
ciency, as, although lower flow rates lead to increased opera-
tional times and electroactive species conversion rates, they
deliver lower power outputs, owing to reduced electrode mass
transport. Regarding energy efficiency, these two opposite ef-
fects compensate, yielding energy efficiencies of around 10%
in all tested cases.
Influence of electrode length on fuel utilization
With the aim of further improving the power output of the
device, we decided to increase the electrode reaction zone of
the battery. Therefore, the length of the porous carbon electro-
des (LE) was increased sequentially from 5 mm (1V) to 10 mm
(2V), 15 mm (3V), and 20 mm (4V). Figure 5a shows a compar-
ison of the different tested geometries. The I–V curves were
measured and the maximum power obtained for each of the
geometric designs is depicted in Figure 5b. It can be seen that
power generated by the flow battery increases with the in-
crease of the electrode reaction area, although the most rele-
vant change takes place between the 1V to 2V configurations.
At increasing electrode lengths, the improvement was smaller,
reaching a maximum power of 0.71 mW for an electrode
length of 20 mm (4V configuration). The flow batteries were
also subjected to continuous operation with a fixed external
ohmic load. The mean power values of the discharge curves
are given in Figure 5b. As expected, the average power output
of the battery increases with electrode size and recovers the
0.44 mW obtained previously at higher flow rates. Finally, the
fuel utilization efficiency was calculated. Figure 5c shows a sig-
nificant increase in efficiency at growing electrode sizes, ach-
ieving an outstanding 98% value for the 4V LE configuration,
meaning that practically all the electroactive species flown
through the paper cell are converted to electrical power.
The power densities obtained with our capillary-based redox
flow battery, with a maximum value of 1.92 mWcm@2, yield
within the same range of power previously reported for all-qui-
none and externally pumped flow batteries by Yang et al. and
Ibrahim et al.[20,21] Moreover, this value is in good agreement
with a previously reported value of 1.8 mWcm@2 by Esquivel
et al. for a paper-based system.[37] This demonstrates the feasi-
bility of using capillarity as sole pumping force while keeping
power generation capability. In addition, it has been proven
that device design can be adjusted to tune its flow rate, power
density, operational time and faradaic efficiency. In particular,
the circular geometry of the absorbent pad allows establishing
a quasi-steady flow regime that provides stability to the cell
electrochemical response. In this way, the paper-based flow
system can benefit from the performance versatility that
before was only available for flow cells provided with external
pumps and can adapt to any specific application requirement.
In addition, flow rate and electrode design optimization
allows the highest faradaic efficiency reported to date for
paper-based microfluidic electrochemical power sources.
Figure 6 depicts a comparison of faradaic and energy efficien-
cies of several reported devices. Most of the systems yield fara-
daic efficiencies of 1–10%. Some remarkable values of 30–40%
were achieve with devices reported by Pasala et al. and Gonza-
Figure 5. a) Electrode length (LE) modification scheme. b) Maximum and
mean power and c) efficiencies yielded by the flow batteries with four elec-
trode lengths. Data points mean values for n=3.
Figure 6. Comparison of faradaic and energy efficiencies of reported micro-
fluidic paper-based fuel cells.




lez-Guerrero et al. in 2017.[28,34] Our optimized flow cell reaches
a conversion rate of 48% and 98% (with 1V and 4V electrode
lengths, respectively), which also impacts the energy efficiency,
archiving a noteworthy 13% and 34% (with the same two
electrode lengths).
The performance of the paper flow cell presented herein has
been also compared to pump-assisted aqueous flow batteries
with more traditional formats. Figure 7 shows a comparison in
terms of cell capacity and cell energy density. These figures of
merit were calculated as reported by Jin et al. ,[19] that is, cell
capacity was calculated by (CCLS/Vtot)VF, where CCLS is the ca-
pacity of the capacity limit side of the cell, Vtot is the volume of
both redox solutions, and F is the percentage of utilized ca-
pacity ; cell energy density was obtained multiplying cell ca-
pacity by the open-circuit voltage at 50% state of charge. The
values obtained were then normalized by the projected area
of each of the reported cells, to end up in normalized units
considering volumetric and areal features. Reactant volumes
and electrode areas were extracted from each of the articles.
The depicted values have been classified depending on the
chemistry used in the devices, that is, a vanadium chemistry
representative battery;[40] non-quinone batteries, comprising
different chemistries, from viologen derivatives anolyte batter-
ies coupled with ferrocene derivatives,[41,42] ammonium ferro-
cyanide (NH3[Fe(CN)6])
[43] or TEMPO derivatives;[44] to a phena-
zine-based[45] or alloxazine-based[46] anolyte coupled with a
K3[Fe(CN)6] catholyte; quinone anolyte-based flow batteries
coupled with potassium ferricyanide as cathode spe-
cies,[17,19, 47–49] and a fully quinone based battery.[20]
The high efficiency achieved by our cell is transferred into
outstanding cell capacities of 11.4 and 4.6 AhL@1cm@2, with 1V
and 4V electrode length, respectively. With respect to cell
energy density, redox chemistries based on vanadium or violo-
gen derivatives achieved higher values than the fully quinone-
based chemistries. In this sense, our cell outperforms the cell
presented by Yang et al. , which also reported an all-quinone
battery.[50] In their case, using a benzoquinone cathode and an
anthraquinone anode, a 0.16 WhL@1cm@2 cell energy density
was achieved, which is significantly lower than the 1.1 and
3.1 WhL@1cm@2 achieved by our cell with 1V and 4V electrode
lengths. Moreover, our cell approach does not need any ancil-
lary device to flow the reactants, so the energy density provid-
ed can be considered as a net energy value.
Conclusions
The paper-based primary battery presented herein departs
from the operating principle of an organic redox flow cell but
makes use of only the first discharge cycle. The new cell
design allowed the establishment of a steady capillary-based
flow rate that led to stable battery performance under mixed-
media conditions. These features allowed direct use of avail-
able quinones by using an alkaline negative half-cell and an
acidic positive half-cell with the added benefit of downstream
neutralization for safe disposal. This work provides comprehen-
sive guidelines and design rules to define how certain parame-
ters, such as channel and electrode lengths, allow adjustment
of the flow rates, power densities and fuel utilization in paper-
based microfluidic devices. The current device design provides
energy autonomy for about half an hour, which is sufficient for
powering numerous single-use applications, such as portable
diagnostics. However, its versatile design allows the operation-
al time to be scaled by replacing the absorbent pad with one
of higher liquid capacity and refilling the reservoir if necessary.
In this sense, the paper flow cell acts as an energy converter in
the same way as in traditional flow batteries, in which energy
and power can be decoupled and adjusted to the application.
In the current case, energy is related to the capacity of absorb-
ent pad and species reservoir, whereas power relies on capilla-
ry flow rate and electrode area. The proof-of-concept device
demonstrated its operation with an all-organic redox couple
with a high fuel utilization and cell capacity and could be
tested with further chemistries that led to energy capacities
competitive with commercial portable primary batteries. Fur-
thermore, strategies to promote liquid evaporation from the
absorbent pad can expand operational times of the system up
to days or even weeks, which would open new fields of appli-
cations of these novel eco-friendly power sources in sectors




Commercially available quinone redox species, p-Benzoquinone (p-
BQ) and hydroquinone sulfonic acid potassium salt (H2BQS), and
electrolytes, oxalic acid, and potassium hydroxide were purchased
from Sigma–Aldrich (Sigma Aldrich, St Louis, Missouri, USA) and
used as received, as well as the colorants used for the flow rate
characterization, euroglaucine disodium salt and tartrazine dyes.
All solutions were prepared in deionized water; 0.1m p-BQ in 0.5m
oxalic acid and 0.1m H2BQS in 1m KOH were used as catholyte
and anolyte, respectively.
Figure 7. Comparison of demonstrated cell capacity and cell energy density
of reported pump-assisted aqueous flow batteries.





Glass fiber (Standard 17, 340 mm) strips are used as inlet channels
whereas cellulose (Whatman1; 180 mm) is used as outlet paper
channels and absorbent pad. Both materials from GE Healthcare,
Pittsburgh, PA, USA. The device structure was assembled using
pressure sensitive adhesives (PSA) (Adhesives Research, Glen Rock,
PA, USA). A custom-made support was fabricated in 6 mm thick
poly(methyl methacrylate) (Plexiglas, Evonik Performance Materials
GmbH, Darmstadt, Germany) to characterize the device. The device
components were designed in a CAD program (CorelDRAW, Corel,
Ottawa, ON, Canada). All components were cut by using a CO2
laser cutter (Mini 24, Epilog Laser, Golden, CO, USA) and manually
assembled layer by layer by using templates and alignment pins.
Porous carbon electrodes were cut to size from sheets of Toray
carbon paper (TGPH-120; E-TEK) with thickness of 370 mm. For the
purpose of this work, the porous carbon electrodes were annealed
in a butane flame to confer the hydrophilic behavior needed for
the flow-through configuration.[51] To carry out the experiments,
the device was placed on a custom-made acrylic support that com-
prised two solution wells where the species were dissolved in their
respective electrolytes, facilitated electrical connection to the elec-
trodes and include a reusable lid to prevent evaporation while al-
lowing purging of air as the absorbent pad is filled.
Flow characterization
The evolution of the capillary flow rate along the paper channels
over time was characterized by measuring the progress of the
liquid front in the absorbent pad. To enhance image contrast, in
these experiments, 100 mm solutions of euroglaucine disodium
salt and tartrazine dyes were used to simulate and visualize anolyte
and catholyte flow. The images were recorded with a web camera
(C920, Logitech, Fremont, CA, USA) controlled by time-lapse soft-
ware (VideoVelocity, CandyLabs, Vancouver, BC, Canada), which
saved images at a rate of 1 frame every 5 s. The flow rates were
calculated from the captured images by measuring the increase in
the absorbent pad area covered by the dyed solutions over time.
The images were analyzed by using ImageJ software (US National
Institutes of Health, Bethesda, Maryland, USA).
Battery electrochemical characterization
The open-circuit voltage (VOC) of each cell was measured before
polarization. Polarization curves were performed at room tempera-
ture in potentiodynamic mode at a scan rate of 50 mVs@1. Chrono-
potentiometric curves were measured by using external loads se-
lected for each kind of electrode configuration. All electrochemical
characterization curves were recorded with a Dropsens mStat 400
potentiostat (Dropsens, Oviedo, Spain). Measurements were per-
formed in triplicate for each cell at room temperature.
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